Malaria parasites (ookinetes) appear to digest the peritrophic membrane in the mosquito midgut during penetration. Previous studies demonstrated that lectins specific for N-acetylglucosamine bind to the peritrophic membrane and proposed that the membrane contains chitin [Rudin, W. & Hecker, H. (1989 ) Parasitol. Res. 75, 268-2791 In the present study, we show that the peritrophic membrane is digested by Serratia marcescens chitinase (EC 3.2.1.14), leading to the release of N-acetylglucosamine and fragmentation of the membrane. We also report the presence of a malaria parasite chitinase that digests 4-methylumbelliferyl chitotriose. The enzyme is not detectable until 15 hr after zygote formation, the time required for maturation of the parasite from a zygote to an ookinete, the invasive form of the parasite. At 20 hr, the enzyme begins to appear in the culture supernatant. The chitinase extracted from the parasite and found in the culture supernatant consists of a major band and two minor bands of activity on native polyacrylamide gel electrophoresis. The presence of chitin in the peritrophic membrane, the disruption of the peritrophic membrane during invasion, and the presence of chitinase in ookinetes suggest that the chitinase in ookinetes is used in the penetration of the peritrophic membrane.
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The peritrophic membrane found in the midgut of arthropods is defined as a membranous sac surrounding the ingested blood (1) . The function of the peritrophic membrane in the various arthropod orders is unclear, but there is speculation that in bloodsucking insects it is one of the factors determining the competence for the transmission of parasites (2, 3) . These insects form a peritrophic membrane in response to the mechanical distention resulting from the uptake of blood (4) . In Aedes aegypti, formation starts immediately after the blood meal, but about 12 hr elapse before it attains a mature structure (5, 6) . Plasmodium gallinaceum, an avian malaria parasite that infects A. aegypti, develops motile ookinetes in the blood meal in 16-20 hr (3, 7) . Parasites begin to appear in the midgut epithelial cells around 24 hr, but the major invasion occurs around 30 hr (3) . As the peritrophic membrane is fully formed in 12 hr and does not dissolve until 48 hr after the blood meal, the parasite must traverse the peritrophic membrane to move from the blood meal to the epithelial cells. A recent ultrastructural study (3) produced direct evidence that the peritrophic membrane is a barrier to infection. The peritrophic membrane surrounding the penetrating ookinetes lost its laminated structure and was less electron dense. Electron-dense material extended from the anterior end of the parasite. A similar modification was previously observed with Babesia microti passing through the peritrophic membrane of Ixodes ticks (8) . Because evidence has been presented that the peritrophic membrane contains chitin (9), we searched for chitinase activity in the parasite that might be used to cross the peritrophic membrane. We report here that P. gallinaceum ookinetes produce and secrete chitinase (EC 3.2.1.14). The appearance of the enzyme in the parasite after complete maturation of ookinetes and its secretion into the medium suggest that chitinase may be one of the enzymes involved in the penetration of the chitin-containing peritrophic membrane.
MATERIALS AND METHODS
Parasite and Mosquito. The 8A strain of P. gallinaceum was maintained by subpassage in White Leghorn chickens. The Liverpool/black eye strain of A. aegypti was raised at 26°C and 80% relative humidity and fed on sugar solution ad libitum.
Preparation of Parasites and Leukocytes (WBCs). Sexual stage parasites of P. gallinaceum were isolated as described (10) . Parasites were incubated at 26°C in complete M199 medium (GIBCO) supplemented with 1 mM L-glutamine, 50 ,g of streptomycin per ml, 50 units of penicillin per ml, 40 ,ug of gentamycin per ml, and 20 units of nystatin per ml. The whole procedure was carried out under sterile conditions. The parasite cultures were tested for bacterial and fungal contamination on chocolate agar II slants (25°C and 37°C), thioglycollate medium (37°C), and Sabouraud dextrose agar slants (25°C) (Becton Dickinson). They were evaluated for bacterial and fungal contaminations after 2 wk.
To test whether the chitinase was from host-cell contamination, WBCs were isolated from noninfected chickens following the same protocol, omitting wheat germ agglutination and filtration through glass wool. They were then grown under the same conditions as the parasites.
Extraction of Parasites and WBCs. Parasites and WBCs were extracted in the following buffer by four cycles of freeze/thaw: 0.1 M sodium phosphate, pH 6.8/1 mM phenylmethylsulfonyl fluoride/1 mM EGTA/50 ug of antipain per ml/0.5 ,ug of pepstatin per ml/0.5 ,g of leupeptin per ml. After centrifugation (13, 000 x g at 4°C for 5 min), the supernatant was used for measurement of chitinase activity.
Culture Supernatants. Culture supernatants were concentrated about 10-fold in a centrifugal microconcentrator (Microsep, 10-kDa cutoff; Filtron Technology, Northborough, MA) and then assayed for chitinase activity. 
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Elmer fluorescence spectrophotometer (excitation at 350 nm, emission at 440 nm) using a standard curve of 4-methylumbelliferone. (ii) Chitinase activity of cell extracts and culture supernatants was analyzed in a nondenaturing 4-15% gradient polyacrylamide gel (Integrated Separation Systems, Hyde Park, MA) using a glycol chitin overlay gel in 0.1 M sodium phosphate (pH 6.8) and Calcofluor white for detection (12) .
Lectin Binding to Peritrophic Membrane. A. aegypti were fed on a noninfected chicken. Twenty to 30 hr later, the peritrophic membranes were removed and incubated with a 1: 200 dilution of fluorescein isothiocyanate-labeled lectins (Vector Laboratories) in 10 mM Hepes/150 mM NaCl, pH 7.5, for 30 min. They were then washed for 15 min in the same buffer and mounted on slides. For inhibition studies, 0.5 M N-acetylglucosamine was used.
Chitinase Digestion of Peritrophic Membrane. Peritrophic membranes were removed from A. aegypti 24-30 hr after a noninfectious blood meal. They were incubated in either 0.1 M sodium acetate (pH 4.8) or 0.1 M potassium phosphate (pH 6.3) and 0.5 unit per ,lI of purified chitinase from Serratia marcescens (13) . After incubation of 12 hr at 26°C, the samples were centrifuged (13,000 x g, 5 min) and the chitinase was inactivated by incubating at 65°C for 30 min. The pH was adjusted by the addition of 5 vol of0.1 M sodium phosphate (pH 6.8), and any di-or oligosaccharide in the reaction mix was further digested (60 min, 37°C) with glusulase (1 1.l; New England Nuclear) as a source of ,-Nacetylglucosaminidase. The amount of released N-acetylglucosamine residue was determined as described (14) . Table 1 ). The reason that one of seven samples released no N-acetylglucosamine is unknown. The release of N-acetylglucosamine by chitinase indicated that the peritrophic membrane indeed contains chitin. The presence of chitin was further confirmed by fluorescence after exposure to Calcofluor white, which has a high affinity for chitin (15) .
RESULTS
As the parasite appears to digest the peritrophic membrane as it passes through the membrane (3), we determined the effect of chitinase on the integrity of the membrane. A purified chitinase from S. marcescens had no protease activity at pH 4.8 (13) . Peritrophic membranes exposed to 1 unit of this enzyme per ul disintegrated in 36 hr at room temperature (data not shown). The control membrane in the buffer alone remained intact.
Identification of Parasite Chitinase. Since the membrane contains chitin, we investigated whether the parasite synthesized a chitinase and secreted it in order to pass through the membrane. After gametocytes are taken into the mosquito midgut during a blood meal, gametes emerge and fertilize. The zygotes develop in 10 hr into retort forms and in 15 hr into ookinetes (7), the stage that penetrates the peritrophic membrane. In in vitro culture, zygotes also develop into retort forms in 10 hr and into ookinetes in around 15 hr (Fig. 1) . The in vitro forms were studied for chitinase activity. The activity was compared at 0 hr, when only zygotes, unfertilized gametes, and around 10% WBCs were seen, and at 20 hr, when around 50%o of the parasites were mature ookinetes. The 0 time extract contained no chitinase activity (Table 2) .
At 20 hr, activity was in the parasite extract, and at 25 hr, chitinase activity was also found in the culture supernatant, presumably secreted by the parasite, as no parasite lysis was observed by light microscopy.
The amount of 4-methylumbelliferyl-N, N', Nn-triacetyl-,Bchitotrioside cleaved by the parasite enzyme from the culture supernatant increased linearly with time and enzyme concentration (data not shown). Boiling the enzyme before the assay destroyed its activity. tCultures were scored as contaminated (+) when they showed growth in at least one of the test media described in the text and negative (-) for contamination when no bacteria or fungi grew.
Nondenaturing polyacrylamide gels run at pH 8.9 resolved three bands of activity, with band 2 always having the greatest activity (Figs. 2 and 3 ). We could not determine whether the various bands resulted from multiple chitinase proteins or were the result of a single protein interacting with itself or other proteins that do not have chitinase activity. Attempts to renature the enzyme activity after electrophoresis on a denaturing gel (SDS/PAGE) were unsuccessful.
The activity was not present at 0, 5, or 10 hr, times when no mature ookinetes were observed ( Figs. 2A and 3) . The activities in the native gels were first evident in parasite extracts at 15 hr (Fig. 2) , when mature ookinetes were first observed (Fig. 1) . The activity was still present in parasites at 20 and 25 hr, when no further development was observed. At 15 hr, when the parasites were first found to have chitinase activity, none was found in the culture supernatant. The chitinase first appeared in culture supernatant at 20 hr and was also observed at 25 hr ( Fig. 2A) Exclusion of Nonparasite Origin of the Chitinase. Although sterile technique was used to isolate and culture parasites, in -30% of the isolates contamination was found in the thioglycollate medium or on chocolate II agar slants at 37°C; however, the numbers of organism were small, -5 colonies per 100 Al of culture on chocolate II agar. More importantly, chitinase activity was identical in cultures that were sterile when compared to those that had the minor contaminants ( Table 2 ). The qualitative characteristics of the bands in native gels (bands 1-3) were identical in samples with and without contaminants (Fig. 2 and data not shown) .
As chicken serum contains chitinase (16) , it was also important to exclude production of chitinase by contaminating host cells. The chitinase activity in chicken serum has a band of slower mobility in native gels than band 1 and another one between parasite bands 2 and 3 (data not shown). The parasite preparations had at most 10% contaminating WBCs. WBCs equal in number to the entire parasite preparation produced -100-fold less chitinase activity than parasites when measured with chitotriose (Table 2 ). In addition, low Microbiology: Huber et al. _ -- chitinase activity in the WBC preparations was present at 0 time, when there was no activity in the parasite preparations (Table 2) . Furthermore, no activity was seen in native gels of WBC extracts taken at 0, 5, and 22 hr or in the culture supernatant (Fig. 3) . We conclude that the activity in the parasite culture could not have been derived from contaminating host WBCs.
DISCUSSION
The peritrophic membrane forms after a blood meal in blood-sucking arthropods and may act as a barrier for invasion of ingested microorganisms. There are three strategies that parasites use in blood-sucking arthropods to move from the blood meal to the midgut epithelium. (i) Parasites such as filaria invade before the formation of the peritrophic membrane (17) . (ii) Parasites such as leishmania may persist in the remnants of the blood meal until the peritrophic membrane dissolves and then attach to epithelium (18) . (iii) The parasite may penetrate the membrane after it is formed. Malaria parasites fall into the third category. As the parasite was seen in ultrastructural studies to disrupt the membrane (3), the biochemical basis of penetration would depend on the chemical composition of the membrane. The peritrophic membrane had been suggested, from indirect studies, to consist of chitin (9) . The demonstration in the present study of the release of N-acetylglucosamine by the action of chitinase provides direct evidence for the presence of chitin in A. agypti peritrophic membrane. Furthermore, the membrane disintegrated in a purified chitinase preparation that had no protease activity under the conditions ofthe study. Thus, one parasite enzyme that might play a role in the disruption of the membrane would be a chitinase.
In the present study, we observed chitinase activity in malaria ookinetes, the stage of the parasite found in the mosquito midgut. Multiple bands of activity were found on native gels when glycol chitin was used as substrate. It is unknown whether there are multiple genes that encode multiple chitinases or whether the enzyme associates with itself or other proteins in a native gel. The activity did not result from bacterial or fungal contamination, as parasites that were grown under sterile conditions in vitro contained the three chitinase bands. Chitinase is found in chicken serum, but chicken serum was not used in our cultures. Although WBCs were seen in culture, little chitinase activity derived from WBCs when their numbers were equal to the numbers of parasites in culture, and no activity was seen on the native gels of WBC extracts.
The chitinase appeared at the time when the parasite in vitro was morphologically similar to the form of the parasite in vivo that penetrates the peritrophic membrane. Furthermore, the parasite secretes the activity into the surrounding medium. After attachment to the peritrophic membrane, the secretion of chitinase may be a mechanism by which the parasite passes through the membrane so that it gains access to the gut epithelium.
There have been few biochemical studies that describe the host-parasite interaction of malaria in the mosquito. The focus on the parasite in the mammalian host in part reflects the feeling that little could be done to modify the infection by such studies. Now, two avenues of attack are evident in the mosquito: (i) modification of the mosquito through molecular techniques that would block the life cycle in the mosquito and (ii) vaccines against the sexual stages of the parasite that induce host antibodies that are ingested and act in the blood meal. Such approaches to block the life cycle in the mosquito may be developed through knowledge of the barriers to infection and how the parasite deals with these barriers. For example, a vaccine against parasite chitinase could block the ability of the parasite to cross the peritrophic membrane and to infect mosquitoes.
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